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and  bimodal  differential  extinction  coefficient  curves  (extinction  coefficient 
as  a  function  of  droplet  size)  we^e  included.  The  spectral  variation  of 
extinction  coefficient  between  9.Z^m  and  10.8pm  was  also  measured.  The 
results  are  in  good  agreement  wi tu  the  variation  calculated  for  typical 
droplet  size  distributions. 
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INTRODUCTION 


An  understanding  of  the  effects  of  atmospheric  constituents  on  the  effective¬ 
ness  of  Army  electro-optical  systems,  both  actual  and  proposed,  requires  a 
basic  understanding  of  relationships  between  propagation  and  meteorological  or 
other  source  parameters. 

This  report  describes  simultaneous  but  independent  measurements  of  the  extinc¬ 
tion  coefficient  due  to  various  size  distributions  of  water  aerosols  and  the 
mass  density  of  the  water  aerosol  distributions.  The  liquid  water  content 
( LWC)  measurements  were  made  with  two  recently  developed  systems  which  are 
described  in  detail  in  Bruce  et  al . 1  The  results  are  in  general  agreement 
with  calculated  results  of  Pinnick  et  al2  based  on  measured  fog  droplet  size 
distributions  and  give  further  verification  tc  Chylek's3  prediction  of  a 
unique  linear  relation  between  extinction  at  approximately  Hum  and  LWC  of 
fogs  for  all  size  distributions  with  maximum  particle  radii  less  than  or 
aoproximately  equal  to  I4um. 


experimental  approach 

The  measurements  wert?  made  in  an  environmental  chamber  having  a  volume  of 
approximately  1  cubic  meter.  Water  droplets  were  generated  within  the  cham¬ 
ber,  and  minimum  stirring  was  used  to  ensure  uniform  spatial  distribution  of 
the  particles. 

Figure  lisa  diagram  of  the  optical  system  used  in  the  extinction  coefficient 
measurements.  The  (half  power)  diameter  of  the  laser  beam  is  approximately 
1  cm  in  the  measurement  region.  Early  measurements  made  with  a  larger 
diameter  (x  3)  beam  did  not  significantly  improve  the  steadiness  of  the 
transmitted  signal.  The  laser  path  through  the  chamber  is  in  the  vertical 
direction  with  a  total  length  of  1.79  m.  Warm  dry  air  in  the  form  of  a  thin 
sheet  is  blown  across  the  (exterior)  mirrors  at  the  top  and  bottom  of  the 
chamber  to  orevent  accumulation  of  water  droplets  on  the  mirror  surfaces.  A 
sample  of  t*ie  input  beam  is  monitored  by  a  reference  power  meter. 
Calculations  and  parametric  measurements  have  been  used  to  determine  the 
attenuation  necessary  to  prevent  significant  heating  and  evaporation  of  the 
water  droplets.  A  mi rror  is  "otated  into  the  beam  path  to  direct  the  beam  to 
a  spectrum  analyzer  during  tuning  of  the  laser. 


;C.  W.  Bruce,  R.  J.  Brewer,  and  H.  Burket,  A  System  for  Measurement  of  Liquid 
Water  Content,  to  be  published  as  an  CRADCOMTeport 

ZR.  G.  Pinnick,  S.  G.  Jennings,  P.  Chylek,  and  J.  H.  Auvermann,  1979, 
"Verification  of  a  Linear  Relation  Between  1R  Extinction,  Absorption  and 
Liquid  Water  Content  of  Fogs,"  J  Atmos  Scl ,  37:1577-1586 

3P.  Chylek,  1978,  "Extinction  and  Liquid  Water  Content  of  Fogs,"  J  Atmos  Sci, 
35:296-300 


Sampling  throats  eor  the  LWC  measuring  systems  are  'ocated  approximately  i> 
the  lower  center  of  the  chamber.  Samnling  i  at  a  rate  of  10  to  15  liters  per 
minute.  The  sampling  throat  of  a  commercial  light  scattering  counter  extern- 
through  one  side  or  the  rmcer  t -•  e  point  close  to  the  extinction  path  anc 
the  LWC  sampling  throats.  This  instrument  is  used  to  monitor  the  droplet  size 
distributions  and,  tnrough  these,  the  contributions  of  different  size  parti¬ 
cles  to  the  extinction  coefficient  (differential  extinction  coefficient'. 


PRELIMINARY  EXPERIMENTS 

Although  the  measurement  systens  used  in  this  study  are  relatively  , 

several  extensive  preliminary  investigations  were  conducted  to  , 
existence  of  appropriate  expe-’  meet  a  operating  conditions. 

The  first  of  these  rve$t'  gat'cns  'evolved  the  commercial  instrument  ■  .■■■'.?d  ft 
monitor  the  oart’u'e  size  ’  '  t"  k  Vons — a  ’’article  Measuring  Systems  ~,v( 
classic^'  scatter' nr  .tow:?1' '  * -e  *v  meter.  This  instrument  is  v»  r 

water  droplets  wi tv  "ai':  fv-om  .  • .  -  so  L6um. 

This  instrument  cocnf  pertvve?  -a  d’ f ferent  sizes  by  pyl se  he‘  -*  • 
of  laser  lignt  {0,to*ra)  scattered  v.  single  particles  *nto  a  oarf.  j./a-  . 

angle.  Determination  o'  ra-V :‘:e  '  ze  :s  indirect  becaus.  the  .c-)*fr~r . 

depends  on  part'e’e  r»>fr.<ct ; ve  "c  ■  and  on  the  geometry  c>*  foe  oot’ca  ■  . 

tern. 

’’’he  instrument  used  in  this  ... ~.<j dy  ys  checked  to  be  sure  that  oart'c’,-s  wo”e 

-ounted  -.n  the  correct  size  ''jnge  hanne’s.  Single-size  nearly  transparent 

beads  were  used  for  channe' s  ng  particles  with  radii  up  to  about  a.,-* 

and  calibrated  bean’  mixtures  w erc  .  sed  for  channels  counting  part' e’er  w' t* 

radii  between  4um  and  "art icle  counting  efficiency  was  not  measured. 

The  results  from  the  studies  wth  nixed  bead  sizes  indicate  that,  court'll 
efficiency  was  relatively  const, -"t  f;r  all  channels  since  the  curves  obtained 
with  calibrated  bead  mixtures  na:  tie  correct  shapes  for  the  size  mixtures 
used. 


Care  must  be  exercised  to  l’’mit  the  density  of  aerosol  sampled  by  the  counter 
since  count’ ng  is  based  on  the  resumption  of  single  scattering  by  individual 
particles  md  d-'sf'rMon  of  results  may  occur  at  high  count  rates.  A  variety 
of  di’.jt-. pr  t e ■.--!!  vac  tried  ’r  which  droplet-free  air  was  mixed  with  the 

drool  n*  MT-’f  s»  'fail  t*’-c  c"  amber  ;n  the  inlet  throat  of  the  PMS 

counter.  C Arc  wa  .,;<cn  t.  T'  ’mize  disturbance  of  the  flow  character.  The 
'"ecu’*';  niri ;  oer  nd-;  v.»  that  use  of  these  techniques  extended  the  number 
dens'  '.y  rdoge  y  gwr.  instrument  by  a  factor  of  about  3,  but  that  further 
d  •’  i :  i  f  ■  o  o  caused  do*  ‘p  distortion  of  the  differential  extinction  curves. 
The  differential  extinction  curves  were  used  only  in  a  relative  sense;  that 
is,  the  shape  0f  the  curve  and  the  particle  radius,  rp,  at  which  peak  extinc¬ 
tion  occurred  were  used  as  characteri Stic  parameters  of  the  chamber  droplet 
distributions  since  an  absolute  calibration  was  not  available  to  relate  a 
measured  size  distribution  to  actual  extinction  coefficients  and  LWC. 
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The  second  of  these  preliminary  studies  was  an  investigation  of  the  conditions 
for  generation  of  droplet  size  distributions  and  differential  extinction 
profiles  within  the  ranges  found  in  naturally  occurring  light  to  heavy  fogs. 
Differential  extinction  profiles  show  the  contribution  to  extinction  of  parti¬ 
cles  with  radii  in  relatively  small  size  ranges.  Peak  extinction  for  fogs 
normally  occurs  in  the  particle  radius  range  of  2pm  to  IGum.  No  attempt  was 
made  to  specifically  tailor  size  distributions  tc  be  representative  of  any 
particular  type  of  fog  but  rather  to  span  typical  fog  droplet  sizes.  Maximum 
droplet  size  was  approximately  16pm  to  permit  accurate  monitoring  of  the  si2e 
distributions  by  the  PMS  spectrometer. 

Comme»'ciany  available  "cool  mist  vaporizers”  were  used  to  generate  droplet 
distributions  which  had  moromodal  differential  extinction  curves.  The  radius 
of  peak  extinction,  r  could  be  varied  from  about  8pm  to  16pm  by  using  a 
variety  of  throttling  and  impaction  techniques.  A  stable  mode  of  operation 
with  peak  extinction  at  os'-tic'e  radii  of  10um  +  1pm  was  finally  used.  Con¬ 
densation  droplet  distributions  were  produced  by  introducing  cold  gaseous 
nitrogen  into  the  saturated  vapor  of  the  chamber.  These  distributions  are 
characterized  by  relatively  narrow,  monomoflal  differential  extinction  curves 
with  peak  extinction  for  droplet  *"ad-i  i  of  4.„m  -  sum.  Both  types  of  droplet 
distributions  were  generated  with  densities  ranging  from  about  0.01  to 
4.0  gm/m'i .  The  shape  and  peak  position  of  the  differential  extinction  curves 
were  not  oarticulariy  sensitive  to  variation  of  the  .roplet  number  density. 
Typical  differential  extinction  curves  are  shown  in  figutc  2. 

4  study  of  the  spatial  uniformity  of  the  droplet  distributions  was  made  by 
varying  the  location  of  the  droplet  generators  and  using  several  stirring 
mechanisms.  Most  of  the  mixing  results  from  the  circulation  caused  by  the 
droplet  generators.  A  small  fan  with  specially  tailored  blades  provides  the 
smaT*  additional  circulation  (in  the  form  of  a  donut  within  the  chamber! 
required  to  obtain  spatially  uniform  distributions. 

The  last  of  the  preliminary  studies  involved  characterization  of  two  new 
sensing  systems  which  give  real-time  measurements  of  LWC.  These  instruments 
and  their  characterization  will  be  reported  in  detail  elsewhere.1  Only  a  sum¬ 
mary  will  be  given  here. 

One  system  involves  a  mass  accumulation  technique  in  which  droplets  are  col¬ 
lected  on  a  three-dimensional  filter  consisting  of  layers  of  flannel  on  a 
screen  base.  If  the  accumulated  mass  is  measured  and  divided  by  the  sampling 
time  and  the  volume  flow  rate  through  the  filter,  an  absolute  measurement  of 
LWC  is  obtained  in  units  of  mass  density.  The  three-dimensional  filter  is 
critical  to  successful  measurements  since  water  droplets  would  clog  a  two- 
dimensional  filter  and  lead  to  inaccurate  sampling.  Sampling  times  between 
15  s  and  4  min  were  used  for  light  and  heavy  mass  density  droplet  distribu¬ 
tions  and  have  yielded  reproducible  results. 


lC.  W.  Bruce,  R.  .1 .  Brewer,  and  H.  Burket,  A  System  for  Measurement  of  Liquid 
Water  Content,  tc  be  published  as  an  ERADCOM  report 
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Caution  is  necessarv  in  this  measurement  to  apply  a  time-dependent  correction 
factor  which  resets  from  quite  rap’d  initial  absorption  of  water  by  the  try 
filter  fibers.  Th’s  effect  actuary  represents  equilibration  of  the  f'  yr.m’ 
to  the  relative  humidity  oc  the  chamber.  Since  th's  effect  is  rapid  anc 
reproducible,  the  necessary  correction  is  straightforward.  Mass  collection 
was  studied  to  detemni ne  an  adequate  number  of  layers  of  flannel. 

For  the  environmental  chamber  measurements,  filters  are  preweiqhed  in  sealer 
containers,  inserted  into  a  sampling  throat  with  0-ring  seals,  ana  r«o ' aced 
their  original  container  for  post  sampling  weighing.  They  arc-  then  dried  »/'-■ 
a  stream  of  ambient  air  for  later  us< .  A  similar  but  real -'’me  sy  •  •>- 
porated  into  a  top  loading  er,ect~or  balance  ;s  also  used. 

The  second  LWC  measurement  system  uses  a  differential  sampling  techr  ■'u" 
phase-sensitive  detection.  Tne  system  has  two  sampling  threat s.  ';n>  :  • 

is  vertical  and  unobstructed,  and  the  flow  through  it  contains  both  vaoo-  as 
water  droplets;  the  other  throat  . ontains  a  series  of  flannel  fi’ters  *  ■  :> 
offset  openings  which  create  free-*'ow  conditions  through  a  tortJou‘  r'r*y 
that  the  resulting  sample  tonta.'ns  only  vapor.  A  rotating  ha1*  .T  ~  - 

nately  selects  samples  from  the  tw<  throats  and  permits  them  to  f'ow  v 
heated  woven  wire  grid  which  evaporates  the  droplets.  TKv  wi re  di arv; : •  •> ; 

chosen  to  be  much  larger  than  the  water  droplets  to  provide  a  gone 
efficiency.  Evaporation  of  water  from  the  grid  causes  cooling  and  a  ;r.0- 
the  grid  res’ stance.  'ni$  change  results  in  an  approximately  ' inear  u  > 
the  voltage  applied  across  gr-  -  oy  a  constant  current  po*'  r  :  JV..  • 

reference  signal  for  a  loch-in  amp'  '  ier  is  obtained  from  the  throat.  ; 

half  disc,  ana  the  synchronous  vo  cage  change  across  the  grid  -  z  i'ocsjcu... 

The  resulting  signal  has  beer  ro*'1  to  be  proportional  to  the  t c 1 3 '  mass 
density  measured  with  the  C' :  ter  system  in  a  series  of  measurement:.  ■. 

wide  range  of  envi  rmmenta  ’  chamber  conditions.  Single  and  mult.p'e  '■  aye-- 
grids  have  bee-  jsod,  and  np  s '  ;  ;  .  ant  difference  in  resu' ts  was  *o 

The  mass  collection  '.filter  ;  system  is  used  to  establish  the  calibral  ior  o' 
the  differential  system.  For  these  measurements,  the  system  has  been  uses  as 
a  continuing  check  on  the  cal  ibration;  but  the  stability  of  the  differential 
system  is  suf*icien*  that  such  me'’  taring  is  not  actually  necessary. 

EXPERIMENTAL  PROCEDURES 

Most  of  the  extinction  coefficient  measurements  in  this  study  were  made  with 
the  ’as er  tuned  to  the  10. m  P-16  CO2  transition  line  at  a  wavelength  of 
1 0 . 2 T -.r~ .  -owever,  several  sets  of  spectral  scans  of  both  the  9um  and  Uum  R 

and  '  n  a  rids  c*  10.  were  made.  Tne  laser  beam  power  was  monitored  conti  nu- 

ous’y,  nrior  to  the  input  mi  rror  for  the  fog  chamber  (sampled  by  a  beam 
sp’itteri  ang  after  it.  ’eft  the  chamber.  The  length  of  the  path  within  the 
chamber  was  ’ n  m . 

Optical  alignment  and  laser  line  stability  were  periodically  checked  and  no 
problems  were  encountered.  The  power  meters  and  the  differential  LWC  system 
were  stabilized,  and  baselines  were  established  on  the  chart  recorders  used 
for  data  collection. 
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The  droplet  generators  were  then  turned  on,  and  the  chamber  was  brought  to  a 
droplet  equilibrium  condition  which  was  character! zed  by  constant  values  for 
both  transmitted  laser  power  and  differential  LWC  signals.  After  recording 
these  values,  the  droplet  generators  were  turned  off,  and  the  chamber  was 

again  allowed  to  reach  an  equilibrium  wth  only  vapor  present.  This  procedure 
establishes  a  baseline  for  the  measurement  of  changes  in  transmission  of  laser 
power  due  to  droplets  only. 

The  droplet  generators  were  again  turned  on;  and  after  equilibrium  conditions 
were  reached,  a  set  of  three  filter  measurements  of  LWC  was  made.  PMS  counter 
measurements  were  then  made,  and  the  droplet  generators  were  turned  off. 
After  a  settling  time  to  return  to  vaoor-only  conditions,  the  same  measurement 
process  was  repeated  with  a  different  power  sunni ied  (by  use  of  a  Variac)  tc 
the  droplet  generators.  Variac  settings  between  60  and  100  percent  were  used 
to  provide  a  variety  of  droplet  number  densities.  Size  distributions  and  the 
shape  and  position  (rp  =  10um  ±  lum)  of  trie  di  '  fe^ential  extinction  coeffi¬ 
cient  curves  rSITiained  almost  constant  for  a1!  similar  sets  of  experiments. 

Different  drop’et  size  r' str’but -'ors  were  obtained  by  fo’:"' owing  the  above 

procedure  for  establishing  vapof  saturation  as  well  as  equilibrium  droplet 
conditions  and  them  introducing  cold  nitrogen  gas  into  the  center  of  the 
chamber.  After  an  initial  mixing  period  or  about  1  min,  chamber  conditions 
became  essentially  uniform:  then  both  the  transmitted  laser  power  and  differ¬ 
ential  LWC  signals  decayed  (over  a  period  of  6  to  10  min)  back  to  those  repre¬ 

sentative  of  ambient  temperature  conditions. 

For  some  of  these  condensation  drool et  measurements,  the  droplet  generators 
were  turned  off  before  the  cold  nitrogen  was  introduced.  Under  these  condi¬ 
tions,  the  position  of  r  for  the  differential  extinction  coefficient  curves 
was  at  about  +  ium. 

When  the  droplet  generators  continued  operation,  the  position  of  rp  either 
occurred  at  an  intermediate  position  or  the  size  distribution  was  bimodal  with 
a  variety  of  shapes  and  the  two  peak  extinction  positions  within  the  range  of 
to  10; ,m. 

Since  chamber  conditions  varied  with  time  for  these  condensation  experiments, 
the  LWC  filter  measurements  were  made  only  under  the  original  equilibrium 
conditions  to  establish  a  calibration  value  for  the  differential  LWC  measure¬ 
ment. 

The  PMS  counter  measurements  also  required  a  special  procedure.  Since  the 
counter  significantly  depleted  the  chamber's  contents,  size  distributions  were 
measured  on  alternate  measurement  sets  for  repeated  conditions.  There  was  an 
equilibration  period  when  the  counter  was  first  turned  on.  The  data  for  this 
period  (about  3  s)  were  discarded.  Then,  several  valid  2  s  sampling  sets  of 
data  were  obtained. 

The  spectral  variation  of  extinction  was  also  measured.  Two  types  of  experi¬ 
ments  were  performed.  In  the  first  the  specially  modified  laser  was  operated 
in  a  scanning  mode.  In  this  mode  the  laser  can  be  scanned  through  the  9um  R 
and  D  bands  and  then,  with  a  minor  adjustment,  through  the  10um  R  and  P 
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bands.  A  complete  scan  of  these  bands  takes  approximately  1  h.  These  data 

were  somewhat  noisy  so  another-  experimental  procedure  was  also  used. 

The  second  set  of  spectra'  rata  was  obtained  by  manually  tuning  the  laser  to 
four  separate  spectral  ^ioes  in  eacn  of  the  four  bands  and  measuring  the 
extinction.  'he  lines  used  (10,  24,  and  30)  were  chosen  to  be  fairly 

evenly  distributed  across  each  band.  Data  were  taken  by  using  the  same  gen 
era!  procedures  as  those  used  ' n  tne  other  experiments,  with  droplet  gcve ra¬ 
tion  conditions  typical  of  t^ose  wn '  h  produced  differential  extinction  ,.;ean' 
at  approximately  10  urn. 

Envi ronmenta1  chamber  conditions  fpr  oese  spectral  scans  were  t1?  vv*v  n  -  v- 
conditions  for  eoui1  .m  croc  ?  .  generation  ror  the  detailed  .  1 . ? •’ 
ments.  No  condensate  r  drop  et  c;  i buttons  we'v  -v'uoea  ,'uce  "nc  ■  ■. 
unstable,  and  to?  exp- -ime’ir  ■;  «my  -  time-consuming  and  niff-; co’  *  ‘ 
pret. 


The  measure^  relat'onsw'‘o  be* wee -i  tie  extinction  coefficient  at 
the  L'AC  of  envi  ronmenta'  chamce-  u*  .'C-let  distributions  ’s  shown  ;  n  ■: 

through  3c. 

Each  type  or  s’?e  d4  str'’buti  ''■r  "'early  shows  a  linear  rgi^f*  Pr  *'C-twe 
measured  quantities.  Thx  •‘■it  • .  -  'tween  them  shows  some  v-r-'f-v^ 

function  of  tne  d'oo'et  di v.ribut  ">  generation  nechar':sT:  the 
mechanically  generated  distribute  (f -gyre  3a)  is  152  k~<“-  /  cm.  • 
condensation  droplet  oi stn outi ors  -'igure  3b)  156  km" 1  / ( gm/ma ) ,  and 
combination  of  O'  sf-”  but’  ons  ' $ •  3c'  155  km"- /(gm/m 5 ! ,  a  I  thou  gn  i* 
presumably  vary  anywnere  betwe---  -:  ther  two  values. 

However,  the  data  for  a1'  o*'  tn<-  distributions  may  be  combined  to  yield  ■■ 
^near  relation  wit”  a  slope  of  low  km"; /( gm/m-  '•  with  a  combined  experimental 
error  pf  12  km" - / I om fm ' 1  pr  0  percent. 

Tho  oms  counter  measurements  cf  the  size  distributions  were  used  in  a  Mie 
scatterino  pro nrai’  7 a  1  cu 1  a t i on  of  tWC  and  extinction  coefficient  'using  a 
previous1/  va7ue  for  the  complex  index  of  refraction  for  water  at 

this  wa ve 'ength  by  ua  ie  et  i1"  -  "he  ratio  of  the  calculated  quantities  of 
lot  c  Id  ,  (gm/T  agrees  w’'t'i;n  the  experimental  error  with  that  of  the 
measurer  s'opp-. .  "”'7  an»*pement  was  true  even  though  the  calculated  values  of 

the  ?'V  ’’.v  r  coefficients  and  LWC  were  close  to  the  measured  values  for  one 
counter  jsed  hut  xm-c  very  different  for  another  similar  unit. 

figure  1  is  a  comparison  cf  the  average  measured  extinction  for  each  spectral 
band  with  the  va'ues  calculated  from  measured  droplet  size  distributions. 


*G.  Hale  and  M.  R.  Querry,  1973,  "Optical  Constants  of  Water  in  the  200-nm 
to  20um  Wavelength  Region,"  Appl  Opt,  12:555-563 
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Averages  of  both  sets  of  measurements  are  shewn,  with  the  RMS  data  spread 
shown  for  the  data  set  obtained  by  manually  tuning  the  ’aser.  The  data  taken 
with  automatic  tuning  have  a  large*'  spread.  Some  of  He  lines  measured  in 
this  mode  of  operation  were  not  included  in  the  band  averages.  These  averages 
were  chosen  by  plotting  measured  power  fon  all  lines  in  a  band  and  discardinq 
points  which  did  not  fall  close  to  a  Bo! tzmann-1 ike  profile.  Approximately 
s' x  Tines  (38  percent  of  total!  were  included  in  each  average.  The  measured 
averages  are  plotted  at  the  median  wavelength  for  the  lines  used. 

Two  sets  of  calculated  extinction  coefficients  are  shown.  These  sets  give  the 
calculated  spectral  depencence  of  the  extinction  coefficient  for  typical 
droplet  distributions  with  primari ly  large  aid  small  droolet  sizes.  The  peak 
differential  extinction  coefficients  occurred  at  approximately  8.8-m  and  4.2um 
for  the  drop’et  distributions  used. 

All  data  have  been  scaled  to  ao,'?e  at  19.3um  since  He  other  measurements 
reported  here  show  that  th°  extinction  coefficient  is  independent  of  droolet 
size  distribution  and  linear’y  oeoendent  on  LWC  at  that  wavelength. 

CONCLUSIONS 

Measurements  have  been  made  of  the  extinction  coefficient  at  10.2/um  and, 
independently,  of  the  LWC  of  a  large  number  of  environmental  chamber  droplet 
size  distributions  with  radii  spanning  those  of  a  variety  of  fogs.  A  linear 
relation  has  been  found  which  is  approximately  independent  of  the  size  dis¬ 
tribution.  The  measured  ratio  of  extinction  coefficient  to  LWC  is 
15h  km" L / (gm/m M . 

These  results  are  in  good  agreement  with  the  linear  relation  predicted  by 
C  hy  i  ek '  and  calculated  by  Pinnick  et  al z  at  Hum  based  on  size  distribution 
measurements  of  fogs  and  hazes. 

Measurements  of  the  spectral  dependence  of  the  extinction  coefficient  (between 
R.Rvm  and  10. Hum)  have  been  made  and  are  in  good  agreement  with  the  dependence 
tabulated  for  two  tyoical  droplet  size  distributions. 

Systems  for  the  measurement  of  LWC  under  field  conditions  have  been  developed 
from  those  used  in  this  study  and  were  used  in  the  Meppen  80  'Hid  tests. 

The  results  obtained  from  the  experiments  reported  here  suggest  that  it  would 
be  oossible  to  use  measurements  of  LWC  to  predict  performance  in  fogs  and 
hazes  of  E0  systems  operating  in  the  lOum  atmospheric  window. 


*P.  Chylek,  1978,  "Extinction  and  Liquid  Water  Content  of  Fogs,"  J  Atmos  Sci, 
35:296-300 


■’R.  0.  Pinnick,  S.  0.  Jennings,  P.  Chylek,  and  J.  H.  Auvermann,  1979, 

"Verification  of  a  Linear  Relation  Between  IR  Extinction,  Absorption  and 
L'quid  Water  Content  of  Fogs,"  J  A*;mos  Sci .  37:1577-1586 
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Figure  1.  Optical  system.  M  ’*ep  resents  mirrors.  B  represents  beam  sc' ;  t^pr  ■ 
One  mi rrpr  i'c  rotatable  to  permit  laser  line  identification.  c 
COi-  laser  incorporates  automatic  line  scanning  and  stab’"1  'zet’cn. 

An  optical  beam  choooer  in  retained  so  that  an  aeroso1  soectrepnone 
measures  absorption  coefficient)  and  alternate  detectors  for  otner 
lasers  may  be  usee.  An  adjustable  aoerture  for  the  CO^  'aser  beam, 
window  flush  for  the  input  and  output  mirror s,  liquid  wate--  content 
measurement  systems,  ana  particle  counter  are  omitted  in  this 
di aqram. 
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figure  2.  Typical  differential  extinction  curves  for  condensation 

droplet  (left  peak)  and  mechanically  generated  (right  peak) 
size  distributions. 
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(a)  Mechanically  generated  droDiet  s^ze  distributions. 


2  3 

UQl' ID  WATER'  ONTKNT  <*■.*/•  *1 


(b)  Condensation  droplet  size  distributions. 


I  .  2  » 

UQIIO  W  ATER  CONTENT  tf»"  »3> 


(c)  Droplet  distributions  generated  by  combinations  of  the 
mechanical  and  condensation  techniques. 


Figure  3.  Extinction  coefficients  as  functions  of  liquid  water 
content  for  mechanically  generated,  condensation,  and 
combination  droi)1et  size  distributions. 
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EXTINCTION  COEFFICIENT  (RELATIVE) 


WAVELENGTH  (um) 


Figure  4.  Measured  and  calculated  extinction  coefficients.  The  measured  data 
points  are  averages  for  the  spectral  band  plotted  at  the  median  wave¬ 
length  for  the  lines  used.  The  RMS  data  spread  is  indicated  for  the 
manually  tuned  measurement  set  ( <I> ) .  The  data  spread  for  the  auto¬ 
matically  scanned  measurements  (V)  is  of  the  same  order  of  magnitude. 
The  calculations  are  for  typical  droplet  size  distributions  with  peak 
differential  extinction  at  droplet  radii  r  of  approximately  8.8um  (O) 
and  4. 5um  ( X  ) .  p 
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Redstone  Arse^a1 ,  AL  3580O 

Commander 

JS  Army  M-i  ss1'1  e  R&C  Command 
ATTN:  ORDMI-TEM  ( R .  -araway' 

Redstone  Arsena1  ,  3AA.30 

Redstone  Scientific  ’ n+o'mnat’on  Conte’’ 

A^TN:  0R5,MI  -.cmpni  m0Ci)ir,(,rt.5] 

‘JS  Army  Missive  Command 
Redstone  Arsena1 ,  AL  35809 

Commander 
HO,  Fort  Huachuca 
ATTN:  Tech  Ref  Div 
Rort  Huachuca,  AZ  85613 

Commander 

Army  Jnte1 1  : pence 
Center  ?,  School 
ArrN :  .ri’-CO-MD 
-ort  Huachuca,  AZ  85613 

Commander 

JS  Army  Yuma  Proving  Ground 
ATTN:  Technical  Library 
Bldg  2105 
Yuma,  AZ  85364 

Dr.  Frank  D.  Eaton 
Geophysical  Institute 
University  of  Alaska 
Fairbanks,  AK  99701 


Nava1  /.papons  Center 
Code  3918 

ATTN:  Dr.  A.  Shlanta 

China  Lake.  CA  93555 

Commanding  Officer 

Naval  FnVir  Prediction  Rsch  » 

A T ^ K  '  ’  >  ra  ry 

Mon  1  nz-;-  .■ .  .A  93^40 

FJy.imP  r-' 1  e  r  ’ys  ..pctprr  '  y 


A” 5:  "?(U'r 

-'pport  s 

or  c  20  5 

Moijr  ta'n  View, 

6  04' 14 

Geo:  hvsicc  D*f". 

1"  /~ 

DMT'  Core  '75  ' 

°ac*:  f  iC  Mi  SS  i  1  e 

~est 

?c i  f  t  V,.'TU,  S’ 

03042 

Commander 

Nava1  Ocean  Systems  Center 
’  cgo  44 ’31' 

4  s  t  .  .  ~  e  c  h  f-  i  c  a _  i  0  r  a  r / 

San  r'irco,  CA  G  1  5  2 

Meteorpt -joist  in  Charae 
»'waj a m •<  s s  i 1  e  Ranqe 
DO  f  or  '-7 

A3D  ^an  C,'anci  SCO,  CA  96 S 5? : 

Di rector 

N0AA/ERL/APC1  R31 
RP. 3-Room  56  7 
Boulder,  CO  80302 

Dr. 8.  A.  Silverman  D - 1 200 

Office  of  Atmos  Resources  Management 

Water  and  r'owpr  Resources  Se^vici.- 

no  Rex  ?5007'.lenypr  Federal  enter,  8]  da.  6 
Denver,  CO  80225 

Hugh  W.  Aibers  ( Executive  Secretary) 

CA0  Subcommittee  on  Atmos  Rsch 
National  Science  Foundation  Room  510 
Washington,  DC  2055 
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Dr.  Eugene  W.  Bierly 
Director,  Division  of  Atmos  Sciences 
National  Scinece  Foundation 
1800  G  Street,  N.W. 

Washington,  DC  20550 

Commanding  Officer 
Naval  Research  Laboratory 

Code  2527 

Washington,  DC  20375 


US  Army  Materiel  Systems 
Analysis  Activity 
ATTN:  DRXSV-MP 
APG,  MD  21005 


Commander 

ERADCDM 

ATTN :  C’f!DEL~r>A/ILS/-ED 
2830  Powder  Mill  Road 
Ade'oh'i,  MD  20783 


Defense  Communications  Agency 
Technical  Library  Center 
Code  222 

Washington,  DC  20305 
:;i  rector 

Nava1  Research  Laboratory 

Cod°  5530 

Washington,  DC  20375 

Dr.  .].  M.  MacCallum 
Naval  Research  Laboratory 
Code  1409 

Washington,  DC  20375 

hQDA  (DAEN-RDM/Dr.  de  Percin) 
Washinaton,  DC  20314 

The  Library  of  Congress 
ATTN:  Exchange  A  Gift  Div 
Washington,  DC  20540 


Mil  Asst  for  Atmos  Sci  Ofc  of 
the  Undersecretary  of  Defense 
■'or  Rsch  A  Engr/EALS  -  RM  3D129 
The  Pentagon 
Washington,  DC  20301 

AFATL/DLODL 
Technical  Library 
Eg!  in  AFB,  FI.  32542 

Naval  Training  Equipment  Center 
ATTN:  Technical  Information  Center 
Orlando,  FL  32813 


Commander 

ERADCDM 

ATTN;  DQDEl-St-T  (Jr.  8.  Zarwyn) 
2300  °owaer  Mill  Road 
Adeloh>,  MD  20783 
07 

Commander 

Harry  Diamond  Laboratories 
Attn:  D-L3D-C0 
2800  Powder  M’ 1 1  Road 
Adel  phi ,  MD  20783 

Chief 

Intel  Mat  Dev  1  Spt  Dfc 
ATTN;  !.  ELEW-WL-l 
2'i  rjg  A 554 

r o t  George  G.  Mead,  MD  20755 

Acquisitions  Section,  IRDB-D823 
Library  A  Info  Svc  Div,  NOAA 
6009  Executive  Blvd. 

Rockville,  MD  20752 

Naval  Surface  Weapons  Center 
White  Oak  Library 
Silver  Sprinq,  MD  20910 

Air  Force  Geophysics  Laboratory 
ATTN:  LCC  (A.  S.  Carten,  Jr.) 
Ha"$com  AFB,  MA  01731 

Air  Force  Geophysics  Laboratory 
ATTN:  LVD 

Hanscom  AFB,  MA  01731 


Technical  Library 

Chemical  Systems  Laboratory 

Aberdeen  Proving  Ground,  MD  21010 


Meteorology  Division 
ArGL/LY 

Hanscom  AFB,  MA  01731 


The  Environmental  Research 
Institute  of  MI 
ATTN:  I R I A  Library 
PO  Box  8618 
Ann  Arbor,  MI  48107 

Mr.  Willi  am  A.  Mai n 
USDA  Forest  Service 
1407  S.  Harr’ son  Road 
East  Lansing,  MI  48823 


Commander 

US  Army  Satellite  Comm  Agency 

ATTN:  '  DRCPM-SC-3 

Fort  Monmouth,  NJ  07703 

Commander/Di  rector 
US  Army  Combat  Survl  8  Target 
Acquisition  Laboratory 
ATTN:  OFLCS-D 
Fort  Monmouth,  NJ  07703 


On.  A.  0.  Belmont 
Research  Division 
PC  Box  1249 
Control  Data  Corp 
Minneapolis,  MN  55440 

Commander 

Naval  Oceanography  Command 
Bay  St.  Louis,  MS  39529 

Commanding  Officer 
US  Army  Armament  R8D  Command 
ATTN;  9R0AR-TSS  B1  dg  59 
Dover,  NJ  07801 

Commander 

ERADC0M  Scientific  Advisor 

ATTN:  DRDEL-SA 

Fort  Monmouth,  NJ  07703 

Commander 

ERADC0M  Tech  Support  Activity 

ATTN:  DELSD-L 

Fort  Monmouth,  NJ  07703 

Commander 

HQ,  !JS  Army  Avionics  R&D  Ac  tv 

ATTN:  DAVAA-Q 

Fort  Monmouth,  NJ  07703 

Commander 

USA  Elect  Warfare  Lab 
ATTN:  DELEW-DA  (File  Cy) 

Fort  Monmouth,  NJ  07703 

Commander 

US  Army  Electronics  R80  Command 

ATTN:  DELCS-S 

Fort  Monmouth,  NJ  07703 


Qi rector 

Nignt  Vision  8  Electro-Optics  -aboratory 
ATTN:  DELNv'-L  (Dr.  R.  Fuser' 

Fort  Bel  voir,  VA  22C6C 

Project  Manager,  FIRErINDER 

ATTN :  DRCPM~FC 

Fo n't  Moninnuth,  NJ  07 70 ? 

DM,  Ri ref i nder'-EMBASS 
ATTN:  DRCDM-crR-TM 
Fort  Monmouth,  NJ  07703 


6585  TG/WE 

Holloman  AFB,  NM  88330 

AFWL /Technical  Library  (SUL) 

Ki rp’ and  AFB,  NM  87117 

AFWL /WE 

Kirtland,  AFB,  NM  87117 
TRASANA 

ATTN:  ATAA-SL  (D.  Anguiano) 

WSMR,  NM  88002 

Commander 

US  Army  White  Sands  Missile  Range 
ATTN:  STEWS-PT-AL 

White  Sands  Missile  Range,  NM  88002 

Rome  Air  Development  Center 
ATTN:  Documents  Library 
TSLD  (Bette  Smith) 

Griffiss  AFB,  NY  13441 

Env  mental  Protection  Agency 
Meteorology  Laboratory,  MD  80 
Rsch  Triangle  Park,  NC  27711 
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US  Army  Research  Office 
ATTN:  DRXRO-PP 
PO  Box  12211 

Rsch  Triangle  Park,  NC  27709 
Commandant 

'JS  Army  Field  Artillery  School 
ATTN:  ATSF-CD-MS  (Mr.  Farmer) 

Fort  Sill,  OK  73503 

Commandant 

US  Army  Field  Artillery  School 
ATTN:  ATSF-CF-R 
Fort  Sill,  OK  '3503 

C  ommandant 

.C,  Army  r i e ^ c  Art'liery  School 
ATTN:  Morris  Swett  Library 
c'->rt  Sil»,  OK  73503 

Commander 

'JS  Army  Ougwav  Drov’ng  Ground 
A”N-  SFriOP-MT-DA-M 

(Mr.  Paul  Carlson) 

Du away,  JT  34G2? 

Commander 

US  Army  Ouoway  °roving  Ground 
A  r  7  M ;  MT-DA-L 
Duqway,  'JT  84022 

US  Army  Ougway  Provi ng  Ground 
ATTN:  StF:DP-MT-OA-T 

(Dr.  W.  A.  Peterson) 

Ougway,  UT  8^022 

Inge  Dirmhirn,  Professor 
Utah  State  University,  UMC  48 
Logan,  UT  84322 

Defense  Technical  Information  Center 
ATTN:  DTIC-ODA-2 
Cameron  Station,  Bldg.  5 
Alexandria,  V A  22314 
12 

Commanding  Officer 

US  Army  Foreign  Sci  8  Tech  Cen 

ATTN:  DRXST-IS1 

220  7th  Street,  NE 

Charlottesville,  VA  22901 


Naval  $u"face  Weapons  Center 

Code  055 

Dahlgren,  VA  22448 
Commander 

US  Army  Night  Vision 
&  Electro-Optics  Lab 
ATTN:  DELNV-D 
Fort  Bel  voir,  VA  220b0 

Commander 

USATRADOC 

ATTN :  ATCD-FA 

Fort  Monroe,  VA  23651 

Commander 

USATRADOC 

ATTN:  ATCD-IR 

Fort  Monroe,  VA  23651 

Deot  of  the  Air  Force 
5WW/DN 

Langley  AFB,  VA  23665 

US  Army  Nuclear  8  Cml  Agency 
A”TN:  MuNA-WE 
Springfield,  VA  22150 

Di rector 

JS  Army  Signals  Warfare  Lab 
ATTN:  OELSW-OS  (Dr.  Burkhardt) 
Vint  Hill  Farms  Station 
Warrenton,  VA  22186 

Commander 

US  Army  Cold  Regions  Test  Cen 
ATTN:  STECR-OP-PM 
APO  Seattle,  WA  98733 
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